The irradiation of a-silica with either alpha particles or gold ions resulted in changes in the population of three (D2 peak at 602 cm -1 ) and four member silica rings (D1 peak at 490 cm -1 ). Apart from this, changes in other regions of the Raman spectra were also seen. The frequency of the R band (440 cm -1 ) which gives an estimate of the average Si-O-Si bond angle increased. This suggests a decrease in the bond angle and a possible network densification 1 . More details about these kind of defects and the information one can obtain from such defect types can be found in 2,3 . It is interesting to highlight that the energy of formation of the three and four member rings is about 0.4±0.03 eV and 0.14±0.02 eV 2 . Owing to the low energy loss of the alpha particles and low energy of formation of four member rings, it is probably not surprising to see a preferential formation of four member rings during alpha particle irradiation.
Irradiation induced structural changes in amorphous silica (a-silica)
The irradiation of a-silica with either alpha particles or gold ions resulted in changes in the population of three (D2 peak at 602 cm -1 ) and four member silica rings (D1 peak at 490 cm -1 ). Apart from this, changes in other regions of the Raman spectra were also seen. The frequency of the R band (440 cm -1 ) which gives an estimate of the average Si-O-Si bond angle increased. This suggests a decrease in the bond angle and a possible network densification 1 . More details about these kind of defects and the information one can obtain from such defect types can be found in 2, 3 . It is interesting to highlight that the energy of formation of the three and four member rings is about 0.4±0.03 eV and 0.14±0.02 eV 2 . Owing to the low energy loss of the alpha particles and low energy of formation of four member rings, it is probably not surprising to see a preferential formation of four member rings during alpha particle irradiation.
The peaks at 1064 cm -1 (in phase motion of the oxygen atoms towards the Si atom/symmetric stretch of oxygen in Q 4 units; where Q 4 is a silica tetrahedron connected to four oxygen atoms) and 1190 cm -1 (motion of two oxygen atoms towards the Si atom and motion of other two oxygen atoms away from the Si atom involving also motion of the Si atom/asymmetric stretch of oxygen atoms in a Q 4 unit) 4, 5 showed a downward frequency shift and broadening. These changes are consistent with increase in the network disorder.
Apart from the changes in these bands, two new peaks emerged at 933 cm -1 (origin uncertain) and 1552 cm -1 (molecular oxygen) 6 during gold ion irradiation. The origin of the peak at 933 cm -1 is not very well documented in the literature. It has been observed in a-silica samples with 1 to 3 percent of either B2O3 or TiO2 and attributed to the vibrations of non-bridging oxygen atoms 17 (the band is polarized). Vibrational analysis of Si2O6 chains (each Si atom containing two non-bridging oxygen atoms-Q 2 unit) by Furukawa 18 has shown the possibility of a Raman and IR active peak at 932 cm -1 . Therefore, this band may be attributed to the symmetric stretching of Si atom with two bridging and two non-bridging oxygen atoms. Breaking the rings into chains or smaller fragments consisting of Q 2 units would require atomic displacements to disintegrate the rings either completely into linear chains and fragments or into smaller chains with attached Q 2 units. Alpha particle due to its low energy loss is probably not able to create such high extent of damage and consequently such structures were not observed during alpha irradiation.
The structural changes or the changes in ring statistics due to external stresses (radiation, pressure) are accompanied by the formation of a number of point defects. The low level of ionization due to photons and light ions can lead to direct ionization or excitation of electrons to anti-bonding orbitals whereas high electronic energy loss and ballistic collisions can lead to atomic displacements. These effects lead to the formation of defects like E' centers (silicon atom connected to three bridging oxygen atoms and containing an unpaired electron in an sp3-like orbital/paramagnetic), NBOHC (non-bridging oxygen hole center. It is a silicon atom connected to three bridging oxygen atoms and one non-bridging oxygen atom which contains an unpaired electron/paramagnetic) and neutral oxygen deficient centers (like ODC) [8] [9] [10] .
Therefore, both alpha as well as gold ion irradiation are expected to result in such defect types. A number of studies have been performed on such defects in pristine and ion irradiated a-silica for which readers are referred to [11] [12] [13] [14] [15] [16] and the references therein. Thermal treatment of irradiated a-silica usually leads to a decrease of oxygen deficient centers (E', ODC) and an increase in the population of oxygen rich defects like NBOHC and peroxy-bridges. The inter-conversion between different defect types usually depends on the concentration of each defect type and the temperature.
The mechanism of irradiation induced defect recovery; which was observed during Au+He sequential ion irradiation, is not clear. A detailed analysis of defects using optical absorption/photoluminescence/EPR is therefore needed to calculate the concentration of different defect centers following alpha irradiation of the gold pre-damaged a-silica.
Nonetheless, some possible hypothetical mechanisms are listed below in Fig S. Each one of the mechanism must be checked for the energetics for which detailed ab-initio calculations are needed in future. A hypothetical case of interconnected 6-4-5 member rings is shown in (a). A silicon atom knock out may lead to the formation of various final damaged states. Due to the randomness of the structure and damage events various defect structures may be formed during different damage events. Fig. (b) shows a transformation of the 6 and 5-member rings to 5 and 4-member rings respectively (the transition occurs through the formation of a penta-coordinated silicon). The four member ring is destroyed and interstitial silicon and molecular oxygen is formed. Figure (c) shows a possibility of the formation of two 3-member rings and opening of the 6-member ring due to silicon displacement. Non-bridging oxygen hole (NBOHC/Q 3 unit) and E' defect centers are also formed. Note that the E'-NBOHC pair is unstable when in close proximity and charge transfer from E' to NBOHC results in self-annihilation of these defects and ring closure 17 . Therefore, for them to exist, they should be well separated. In ab-initio studies of photoionization of three member silica rings 17 the defect pair was found to be stable at a distance of about 6.3 A o . In figure (d) , a deformed 6-member ring and two 3-member rings are formed. As E' and NBOHC are usually found in irradiated a-silica, therefore, the effect of gold followed by alpha irradiation (Au+He) is shown on the defect state shown in figure (c). In going from (c) to (e), an atomic oxygen results due to alpha induced ionization of molecular oxygen. Ring closure leads to the formation of a five member ring. In addition, a Q 2 unit (Silicon bonded to two bridging oxygen atoms and two nonbridging oxygen atoms) is also formed. It was proposed that the Raman peak at 933 cm -1 is possibly a Q 2 unit and was an interstitial, the excess oxygen would exist in the form of oxygen rich defects, peroxy-bridges or molecular oxygen (and ozone). Since Raman spectroscopy showed that the molecular oxygen is destroyed upon alpha irradiation, therefore existing as oxygen rich centers and peroxy-bridges is the most likely case. The extent to which molecular oxygen is consumed should therefore depend on the concentration of the peroxy bridges (thermal treatments usually lead to the formation of peroxy bridges). An additional peroxy-bridge between Si (1) and Si (2) in figure (f) can consume one more oxygen atom. An increase in the concentration of oxygen rich defects and a decrease in the concentration of oxygen deficient centers has been observed in a-silica infused with oxygen at high pressure and then subjected to gamma irradiation (see chapter 6 in the thesis 18 ) which is consistent with what is proposed above. The magnitude of the decrease in that study was found to be proportional to the gamma dose ( 60 Co) but the decrease became significant only after 5MGy. The minimum dose studied in our work is about 400 MGy corresponding to 2x10 15 He ions cm -2 .
Damage models
Each ion that hits the sample creates certain level of damage around its path. In certain situations a single impact may create maximum possible damage level such that any additional impacts at the same location do not create any further damage. The impact zone around the ion path that is transformed by the ion therefore represents the damage cross section of the ion (σ). The defect generation in such a scenario can be fitted with a single impact damage model. In certain circumstances a single impact may not be enough to transform the material to its final damage state and multiple impacts may be need. In this case a multiple impact damage model may be needed. During a multiple impact damage process, a material may be transformed from initial state to a first damage state 1 with a certain cross section (σ1) and it may then be transformed from state 1 to the final damage state (or state 2) with a different damage cross section (σ2). It is also possible that the damage cross section does not change. The kind of damage impact model that one should use depends on the trends in the damage evolution as a function of the ion fluence and it is not possible to determine a priori. More information about damage models can be found in 19, 20 A general multi-impact damage model with a constant damage cross section can be written as:
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Where k=0, 1, 2…….. represent single, double, triple……..damage impact model. It can also be written as
For a single impact, the equation reduces to
The quantity called as the damage fraction represents the ratio of change in a given parameter at a given fluence (peak area, hardness etc.) to the maximum observed change in that parameter/saturation value.
If one assumes that the Au ion impact results in a damage zone with an average damage cross section σ, then the damage evolution can be described using equation (1) .
Applying the same to the D2 peak area evolution, one can write D(Ø)=D0+Dmax [1-(− Ø) ], where D0 is the D2 peak area of the unirradiated sample, D (Ø) is the D2 peak area at a fluence Φ and Dmax is the maximum D2 peak area change and =D(Φ)/Dmax is the damage fraction.
=0 for unirradiated samples and =1 for completely damaged sample (saturation damage state). The same damage impact model can be applied to the hardness variation where D in above equation represents the hardness.
As described in the manuscript, gold and alpha particles caused an increase of the D2 peak area by 18 and 9 units respectively. Similarly, gold and alpha irradiation caused a decrease of the hardness by 21% and 12% respectively. In general, the alpha induced changes are only about half as that of the gold ion irradiation induced changes. Therefore, on a scale of 0 to 1, the maximum alpha damage level is close to 0.5 and gold damage level is 1. The fits of single impact damage model to the variation of D2 peak are shown in inset-I in Fig. 1 and Fig. 2 for gold and alpha irradiation respectively in the main article. Note that the saturation level of the alpha particle is shown as 0.5 which is relative to the saturation level of the gold ion irradiation.
A comparison of single and double impact damage models is shown in Fig. S0 for the case of gold and alpha irradiation. It clearly shows that there is no strong motivation to use a double impact model. In general, very precise data at low fluences is needed to decide the damage model due to slow damage growth at early stage of a double impact process. Table-S1 . Table-S1 : Various irradiation scenarios and studied fluence combinations.
Irradiation scenario Ion fluence (ions.cm -2 )
Alpha (He) 2e15, 4e15, 2e16, 1e17 and 1e15, 3e15 on which only Raman spectroscopy was performed. These two data points can be seen in Fig. 4 and Fig. 5 in the article).
Gold (Au) 2e12, 4e12, 8e12, 2e13, 4e13, 8e13 This is shown graphically below:
Description: Alpha irradiation (pink), Au irradiation (red), alpha followed by the Au irradiation (blue), Au followed by the alpha irradiation (green) and simultaneous irradiation with alpha and gold ion beams (orange). Various samples with a given alpha pre-irradiation fluence were irradiated with different gold fluences as shown above. Similarly gold pre-irradiated samples were irradiated with various alpha fluences. For details see Table-S1 in the supplementary material. Description: The black line shows the gold damage fraction. The probability of alpha induced recovery is also proportional to Df. the probability of damage formation due to alpha irradiation of the pristine zone is proportional to 1- ii). Df=1: alpha irradiation causes maximum possible recovery in the gold pre-damaged zone and no addition damage formation. This is shown by blue and pink lines for a fluence of 4x10 13 Au.cm -2 (saturation damage state).
Supplementary Figures
iii). 0<Df<1: for any intermediate damage fraction, there is a competition between damage formation in the pristine zone and damage recovery in the pre-damaged zone. A stationary state is reached for a gold fluence of 2.3x10 12 ions.cm -2 (Df=0.57).
It is important to highlight that when the recovery level in a given material is small, it is difficult to know if the damage states depend on the irradiation sequence of the ions. Detailed studies on SiC have shown that the extent of ionization induced recovery is proportional to the electronic stopping power of the ions (see Fig. 2 in Y. Zhang et al 22 ) .
Therefore, it is important to perform detailed sequential ion irradiation studies to ascertain if the recovery mechanisms are present or not and what are the necessary conditions for the damage recovery to occur.
5.
Ion distribution and discussion on possibility of He bubble formation. 25, 26 and N is the atomic density of the sample (6.6x10 22 ). Considering the values of these parameters during our experiment, the steady state He atomic concentration is about 10 -8 (~6.6x10 14 He atoms). This shows that the steady state concentration is far less than the He solubility limit in SiO2 matrix. Consequently no He bubbles can be expected to be present. In general, the He bubbles start forming when all the available sites are occupied allowing the additional He atoms to cause over saturation.
As a matter of fact, a number of experiments have been performed in this direction by various researchers and owing to the large He diffusion coefficient, no helium bubbles have been observed even after irradiation with 4x10 17 He.cm -2, 26-28 . Furthermore, the diffusion coefficient is not affected by the irradiation damage 25 and no microstructural changes 28 have been observed even at fluences an order of magnitude higher than in our study. In addition, studies on other ion and self-irradiated complex glasses have also shown that the glass microstructure at such fluence levels does not change due to radiation damage 29 .
Therefore, from a theoretical as well as experimental perspective, we do not expect to have any He bubbles in our samples and we rule out any effects that might arise due to the bubble formation.
